Dissolution methods are different for extended-release mesalamine capsules (pH 7.5 only) and delayed-release tablets (pH 1.4, 6.0, and 7.2). Mesalamine is used for the treatment of ulcerative colitis. The USP methods have several drawbacks in that they do not mimic gastrointestinal tract environments; tablets are removed from vessels to change dissolution medium; and neither method has been adopted to compare different formulations. This study proposed a method that reflects gastrointestinal transit time and pH, is easy to conduct, and may be used to test new delayed-or extended-release formulations and compare various dosage forms.
INTRODUCTION

I
nflammatory bowel disease (IBD) refers to a group of diseases that principally affect the small and large intestines and is characterized by chronic inflammation of unknown etiology. The two major clinical entities are ulcerative colitis and Crohn's disease. They have several overlapping features. Crohn's disease can affect both the small and large bowels in a given patient as well as any other segment of the gastrointestinal tract (GIT). In contrast to ulcerative colitis, Crohn's disease is much less responsive to sulfasalazine. The drug is now seldom used for this condition, having been replaced by the newer 5-ASA preparation, mesalamine (1) . The mesalamine dosage forms available in the FDA Orange Book are rectal enema, rectal suppository, extended-release oral capsule, and delayed-release oral tablet.
In spite of the reported success of several in vitro-in vivo correlation studies, dissolution is not a predictor of therapeutic efficiency (2, 3) because of the complexity of the absorption process and drug distribution to the site of action. However, it can best be described as a qualitative tool that can provide valuable information about the biological availability of a drug product. The USP dissolution methods (4) are different for extended-release mesalamine capsules (performed at pH 7.5 only) and delayed-release tablets (performed at pH 1.4 for 2 h, pH 6.0 for 1 h, and finally at pH 7.2). GIT transit times (Table 1) are not reflected in the USP methods for extended-release mesalamine capsules. Additional drawbacks include (1) food effects on drug release are not considered, (2) tablets are removed from vessels to change dissolution medium, and (3) neither method has been adopted to compare different formulations together. Thus, this study was aimed at 37.0 ± 0.5 °C to mimic intestinal temperature. Four milliliters of solution from each vessel was collected at each sampling time. The sample schedule given by USP 28/NF 23 was 1, 2, 4, and 8 h. Equivalent amounts of fresh medium were not replenished after each sample withdrawal, but a correction factor was added during data analysis. Samples of 1 mL were diluted 10-fold and then assayed in a Beckman DU640 Spectrophotometer (Beckman Coulter, Fullerton, CA) at 330 nm.
USP Dissolution Methods for Delayed-Release Mesalamine Tablets
The USP method for mesalamine delayed-release tablets is divided into three stages, an acidic stage and buffer stages I and II, to mimic gastrointestinal pH environments and transit times. Asacol (400 mg) tablets were tested. For the acidic stage, 500 mL of 0.1 N HCl was prepared and added to each dissolution vessel. Testing was performed using USP dissolution Apparatus II (paddle method) at 100 rpm and 37.5 ± 0.5 °C. Four milliliters of solution from each vessel was collected after two hours of operation. Tablets were then recovered from the vessel after draining the medium from the flask. Test tablets were blotted dry before transferring into buffer stage I medium.
Nine hundred milliliters of phosphate buffer at pH 6.0 was prepared based on buffer stage I medium according to the Solutions chapter in the USP 30/NF 25. In buffer stage I, dissolution was resumed at 100 rpm for 1 h. Then, after a sample was withdrawn, 50 mL of dissolution medium of buffer stage I was removed and replaced with 47 mL of 0.6 M NaOH to adjust pH from 6.0 to 7.2 as buffer stage II. Dissolution stirring rate was changed from 100 rpm to 50 rpm to run for 90 min.
Lab-Proposed Dissolution Protocols to Test Mesalamine Capsules and Tablets Simultaneously
The USP dissolution methods are different for extended-release mesalamine capsules (pH 7.5 only) and delayed-release tablets (pH 1.4, 6.0, and 7.2). The consideration of true residence time in different parts of the gut is not implemented. Thus, we propose a method with the following merits: (1) It reflects gastrointestinal transit times, which are not present in the USP method for mesalamine capsules. (2) It does not require the removal of tablets or drug beads from dissolution vessels to change media. Finally, (3) this method also allows comparison of different formulations.
Brand-name mesalamine tablets (Asacol, 400 mg) and capsules (Pentasa, 250 and 500 mg) were tested by two separate methods (a 12-h method and a 14-h method) with USP dissolution Apparatus II with both methods following a three-step process. The first step was in gastric fluid (acidic dissolution stage, 500 mL of 2 g/L NaCl, pH adjusted to 1.4 with HCl) for 2 h. Samples were collected at the end of the acidic dissolution phase. In step 2 (buffer stage I), 245 mL of 0.09 M Na 3 PO 4 ·12 H 2 O was added to bring the dissolution medium pH from 1.4 to 6.0 to simulate small intestinal fluid. Dissolution was continued at 100 rpm for 2 or 4 h. Step 3 (buffer stage 2) of dissolution was in simulated large intestinal fluid (by addition of 100 mL of 0.3 M NaOH or 87 mL of 0.05 M Na 3 PO 4 ·12 H 2 O to raise medium pH to 7.3) for an additional 8 h of dissolution testing. By doing so, tablets or capsule beads did not have to leave the dissolution vessel during the test. Total dissolution time was 12 or 14 h. The sampling schedule for the 12-h method was 1, 2, 3, 4, 4.5, 5, 6, 8, and 12 h (9 sampling points, 2-h residence time at pH 6.0), and the sampling schedule for the 14-h method was 0, 1, 2, 2.5, 3, 4, 5, 6, 6.5, 7, 8, 10 , and 14 h (13 sampling points, 4-h residence time at pH 6.0). After dissolution testing, the concentrations were quantified using a UV spectrophotometer. The cumulative amount of drug release at each sampling point was computed for both the extended-release capsules, Pentasa (250 and 500 mg), and delayed-released tablets, Asacol (400 mg). The release profiles of Asacol and Pentasa were plotted together as 
Examination of Fasted and Fed Gastric pH Effects of Mesalamine Capsules
After finding that the Pentasa capsule was sensitive to low pH in our proposed method, we studied the release behavior of Pentasa in five different simulated gastric fluids based on the USP methods. Five hundred milliliter aliquots of simulated gastric fluid at pH 1.2, 1.4, 1.6, 2.0, and 2.75 were prepared using 0.1 N HCl with addition of 0.2 M HCl or NaOH to produce the designated pH. The maximum concentration of mesalamine in this dissolution test was 1 mg/mL, which is below the observed maximum concentration reported for these pH values (6).
Behavior of Eudragit S Coat of Asacol in Intestinal pH
Suspecting that Eudragit S might respond differently in intestinal pH whether an Asacol tablet has been in acidic pH or not, we tested the delayed-release tablet in 900 mL of dissolution medium at each pH of 6.5, 6.8, 7.0, 7.2, or 7.5 alone for up to 5 h. We also tested it through the entire range of simulated GIT pH, 500 mL in gastric phase, and 900 mL in intestinal phases. Different pH levels were selected for the gastric and upper small intestine to represent fasted and fed states. A pH of 6.5 was chosen for the lower small intestine, while pH 7.2 was selected to represent the colonic environmental pH. The five media preparations used in this study were: (1) pH 1.4 for 12 h, pH 4.5 for 3 h, pH 6.5 for 1.5 h, and pH 7.2 for 2 h. (2) pH 1.75 for 12 h, pH 5.0 for 3 h, pH 6.5 for 1.5 h, and pH 7.2 for 2 h. (3) pH 2.0 for 12 h, pH 5.5 for 3 h, pH 6.5 for 1.5 h, and pH 7.2 for 2 h. (4) pH 2.25 for 12 h, pH 6.0 for 3 h, pH 6.5 for 1.5 h, and pH 7.2 for 2 h. (5) pH 2.75 for 12 h and pH 6.5 for 3 h.
Assays
Mesalamine standard solutions at different pH levels were scanned using an ultraviolet/visible spectrophotometer. The assay wavelengths used to quantify mesalamine are as follows: The calibration curves were constructed. Under the reported conditions, we found that the linear ranges of mesalamine calibration curves extended from 1 to 100 µg/ mL ( Figure 1 ). One milliliter of medium was taken from each sample collected during dissolution experiments, diluted 10-fold, and assayed in a Beckman DU640 Spectrophotometer (Beckman Coulter, Fullerton, CA) at the wavelengths mentioned above according to the pH of the dissolution medium. Concentrations were determined from standard curves prepared in the appropriate gastric pH or buffer pH medium. After concentrations were quantified using a UV spectrophotometer, the cumulative amount and percentage of drug release at each sampling schedule was computed (Figure 1) . Release profiles were then plotted as the cumulative percent of drug released versus time. 
RESULTS
USP Method for Extended-Release Mesalamine Capsules and Delayed-Release Mesalamine Tablets
Using the USP dissolution protocols to evaluate extended-release capsules, Pentasa, and delayed-released tablets, Asacol, we plotted the percent of drug released versus time for these two formulations. The release profiles for both strengths of Pentasa capsules lasted for 8 h while that of Asacol tablets was 4.5 h. Not only were the dissolution profiles different for the two commercial products, the shapes of the release profiles were also different as expected (Figure 2 ). This difference was not from the release behavior alone, but was also due to different dissolution protocols. Dissolution testing at only pH 7.5 is not reflective of the gastrointestinal tract. In addition, a 2-D plot cannot reflect the dissolution behavior in different pH levels. Thus, plotting percent of release versus time as a two-dimensional plot did not yield any meaningful interpretation allowing appraisal of which formulation performed superiorly. Using a threedimensional computer software program to plot pH and cumulative percent of release against time may be helpful. However, the illustrative information presented in a 3-D chart would be more complex for interpretation.
Lab-Proposed Dissolution Protocols to Test Mesalamine Capsules and Tablets Simultaneously
Two different dissolution methods were proposed by our lab to compare mesalamine extended-release capsules and delayed-release tablets, 12-h dissolution with nine sampling points and 14-h dissolution with 13 sampling points. The difference between the 12-h and 14-h dissolution methods is based upon the length of time the dosage form may reside in the small intestine. The 12-h method assumes a 2 h residence time while the 14-h method assumes a 4-h residence time.
Mesalamine Tablets
With the new dissolution method proposed by our lab, delayed-released tablets did not release drug (< 1%) until reaching buffer stage II, pH 7.3, whether they were tested with the 12-h or 14-h method. There was a high variability in drug release within the first 0.5 h to 1 h after the pH was adjusted to 7.3 ( Figure 3 ). In the 12-h dissolution, 9 sampling point method, in buffer stage II the release was 31.0 ± 41.0% at 0.5 h and 96.6 ± 10.9% at 1.0 h (n = 6, Fig. 3 ). Release was completed (100.6 ± 1.3%) after the tablets were in buffer stage II for 90 min. In the 14-h, 13-point method, the release was 24.6 ± 34.2% at 0.5 h and 66.4 ± 131.7% at 1.0 h (n = 6) after pH was adjusted to 7.3. Release was 93.2 ± 7.9% after the tablets were in buffer stage II for 2 h and 99.6 ± 2.7% at 4 h (n = 6, Fig. 4 ).
Mesalamine Capsules
Twelve-hour dissolution, nine sampling point method
The extended-release capsules started to release drug in the acidic dissolution stage as early as 1 h (30.1 ± 0.6% for 250 mg and 26.1 ± 0.6% for 500 mg). In the 12-h, 9 sample point dissolution method, the 250-mg capsules released 61.6 ± 0.9% of mesalamine, and 500-mg capsules released 52.1 ± 1.1% at the end of buffer stage I (2 h at pH 6.0). The 250-mg capsules released 68.3 ± 2.0%, and 500-mg capsules 60.0 ± 2.2% after 2 h in buffer stage II (pH 7.3) and 97.7 ± 3.2% and 97.1 ± 1.8% after 4 h (n = 6, Figure 3 ).
Fourteen-hour dissolution, thirteen sampling point method
In this method, dosage forms were in gastric pH for 2 h, small intestinal pH for 4 h, and large intestine pH for 8 h. The six 250-mg extended-release capsules released 49.9 ± 5.0%, and six 500-mg capsules released 47.0 ± 3.7% at the end of 2 h in acidic stage. The 250-mg extended-release capsules released 61.5 ± 3.5%, and 500 mg released 65.3 ± 3.8% at the end of 4 h after the dissolution media were changed to buffer stage I (pH 6.0). Both strengths released mesalamine completely after 12 h; the 250-mg capsules released 95.6 ± 1.3% and 500-mg released 95.2 ± 1.8% after being in buffer stage II (pH 7.3) for 8 h (Figure 4) .
Release of mesalamine capsules in the proposed method at pH 2.75 to examine fed state in gastric phase
After finding that mesalamine extended-release capsules had high percentage of release at pH 1.4 in 2 h, we tested both 250-and 500-mg capsules at pH 2.75 up to 5 h to mimic stomach fed condition. The mesalamine release was 4.0 ± 0.1% at 1 h, 8.7 ± 0.1% at 2 h, and 22.7 ± 0.5% 5 h (n = 3, Figure 5 ). These results were quite different from the mesalamine release in the acidic dissolution stage of the 12-h method (approximately 60% in 2 h, Figure 2 ) and that of the 14-h method (100% in 2 h, Figure  4 ). Data suggest that these dosage formulations are quite sensitive to small changes in an acid medium.
Examination of Fasted and Fed Gastric pH Effects of Mesalamine Capsules Based on Compendial Methods
After finding that Pentasa capsules were sensitive to low pH in our proposed method, we further studied the release behavior of 500-mg Pentasa capsules in five different simulated gastric fluids, pH 1.2, 1.4, 1.6, 2.0, and 2.75. The release was pH-dependent ( Figure 6 ).
When the cumulative percent of release was plotted against time in hours, the mesalamine dissolution profile exhibited a linear relationship in pH 1.6, 2.0, and 2.75 media, but concaved slightly at 3 h in pH 1.2 and 1.4. The slope of the release profile was taken as the release rate. The percent of release was 41.7% in 2 h and 88.0% in 5 h at pH 1.2, 46.1% in 2 h and 92.2% in 5 h at pH 1.4, 27.7% in 2 h and 61.20% in 5 h at pH 1.6, 13.5% in 2 h and 34.2% in 5 h at pH 2.0, 8.2% in 2 h and 19.0% in 5 h at pH 2.75. Among the five tested pH levels, the mesalamine release rate was the highest at pH 1.4. They were 87.5 mg/h at pH 1.2, 93.2 mg/h at pH 1.4, 61.1 mg/h at pH 1.6, 33.6 mg/h at pH 2.0, and 18.7 mg/h at pH 2.75 ( Figure 6 ).
Examination of Dissolution Behaviors of Eudragit S Coat in Intestinal pH
Dissolution of Asacol Tablet in Intestinal pH Alone
No mesalamine was released in 5 h when an Asacol tablet was placed in 900 mL of pH 6.5 dissolution medium with paddle method at 100 rpm. At pH 6.8, no release was noted in 2 h and 96.2% in 5 h. At pH 7.0, no mesalamine was released in 1 h, 87.3% in 2 h, and 97.7% in 5 h. At pH 7.2, 16.7% mesalamine was released in 1 h, 90.0% mesalamine was released in 2 h, and 98.5% in 5 h, and at pH 7.5, 62.4% of drug released in 1 h, 92.9% in 2 h, and 100.8% in 5 h (Figure 7) .
Dissolution of Asacol Tablet over the Range of GIT pH
There was no observed mesalamine release in 12 h whether the tablet was at pH 1.4, 1.75, 2.0, 2.25, or 2.75 ( Figure 8 ). The first tablet did not dissolve while at pH 1.4 for 12 h and pH 4.5 for 3 h, but 39.5% dissolved at the end of 1.5 h at pH 6.5 at 100 rpm. It was found to have total of 77.1% dissolved when continued at pH 7.2 at 50 rpm for another 2 h. The second tablet did not dissolve while at pH 1.75 for 12 h and pH 5.0 for 3 h, but 90.1% dissolved at the end of 1.5 h at pH 6.5 at 100 rpm. It was found to have 97.1% dissolved when continued at pH 7.2 at 50 rpm for anther 2 h.
The third tablet did not dissolve while at pH 2.0 for 12 h and pH 5.5 for 3 h, but 72.8% dissolved at the end of 1.5 h at pH 6.5 at 100 rpm. It was found to have A total of 89.9% dissolved when continued at pH 7.2 at 50 rpm for another 2 h. The fourth tablet did not dissolve while at pH 2.25 for 12 h and pH 6.0 for 3 h, but 61.2% dissolved at the end of 1.5 h at pH 6.5 at 100 rpm. It was found to have 73.9% dissolved when continued at pH 7.2 at 50 rpm for another 2 h.
The fifth tablet did not dissolve while at pH 2.75 for 12 h, but 75.7% dissolved at the end of 3 h at pH 6.5 at 100 rpm. The dissolution of this tablet was not continued to pH 7.2 since the coat was removed from the dissolution medium to be photographed. The Eudragit S coat had developed a slit when the tablets were at pH 6.5, but the coats did not dissolve. Since it is known that Eudragit S is soluble at a pH greater than 7.0, the experiment with this tablet was terminated at pH 6.5.
DISCUSSION
The two pharmaceutical products responded quite differently in either the USP method or the proposed methods due to different formulation excipients. The delayed-release tablets are coated with Eudragit S, while the extended-release capsule beads are coated with cellulose derivatives. Using the USP dissolution protocols to evaluate extended-release capsules, Pentasa, and delayed-released tablets, Asacol, we found that the release profiles of these two formulations cannot be plotted together in a meaningful manner, because a twodimensional plot (percent of release vs. time) does not include the information about the dissolution behavior at different pH levels.
The additional disadvantages of the USP methods can be described as follows.
(1) The one-stage method for extended-release capsules, which were only tested at pH 7.5, does not reflect the GIT transit process and pH effects. (2) Tablets in the three-stage method must be removed from the dissolution vessels between the acid stage and buffer stage 1. This step prolongs experimental time and may introduce errors. (3) The three-stage method is difficult to apply to extended-release capsules since beads start to release mesalamine within 10 min. Discarding the remaining medium at the end of the acidic stage after an aliquot of the fluid is withdrawn may cause loss of some tested beads and lead to different amounts of medium being drained. (4) Plotting percent of release versus time as a two-dimensional plot did not yield meaningful interpretation of the data from the two dosage forms for comparison if the USP methods are to be used. Using a three-dimensional computer software program to plot pH and cumulative percent of release against time should be considered. However, the proposed method allows the experimental data to be presented in a 2-D plot since all mesalamine dosage forms are tested in the sequence at three suggested pH levels and for the same duration in each medium. Large Y-error bars were present for Asacol tablets following transfer into pH 7.3 for 30 min and 1 h, but these in vitro differences are not important with respect to clinical care. A two-dimension plot is sufficient to compare the release behaviors among formulations. The tested pH levels may be easily labeled in a 2-D figure  (Figures 3 and 4) . The merits of the proposed method are (1) it is easier than the USP three-stage method since formulations are not removed from dissolution vessels between the acid stage and buffer stage 1 and (2) it can be used to compare release performances of delayed-release and extended-release formulations simultaneously. The addition of Na 3 PO 4 ·12 H 2 O to increase the pH from 1.4 to 6.0 and from 6.0 to 7.3 increases the ionic strength (6) of the dissolution media of our proposed method and may affect dissolution of mesalamine differently than using the dissolution media in the USP monograph for mesalamine solid dosage forms. Our methods showed that using Na 3 PO 4 · 12 H 2 O does not affect the release of mesalamine from delayed-release tablets, Asacol, as they do not release drug until reaching pH 7.3. To examine whether adjusting pH with Na 3 PO 4 · 12 H 2 O affects mesalamine extended-release capsules, we used a different buffer medium concentration and different a volume of Na 3 PO 4 · 12 H 2 O to bring the pH from 1.4 to 6.0. We also replaced 87 mL of 0.05 M Na 3 PO 4 · 12 H 2 O with 100 mL of 0.3 M NaOH to adjust pH from 6.0 to 7.3 and did not find any significant difference in mesalamine release performance. Whether the dissolution test performed on the dosage form was conducted using the 9-point 12 h or 13-point 14 h proposed method, it yielded similar dissolution profiles. These buffer preparations were only tested in Pentasa 250-mg and 500-mg extended-release capsules and Asacol 400-mg delayed-release tablet. Luckily, other than Pentasa and Asacol, there is only one other oral product of mesalamine in the United States that was not tested by our proposed buffer preparations, which is the newly marketed Lialda, a delayed-release tablet, by Shire Laboratories (the manufacturer of Pentasa) .
In the Merck Index (11), mesalamine is listed as soluble in HCl, slightly soluble in cold water and alcohol, and more soluble in hot water. The solubility-pH profile increases at pH < 2.0 and pH >5.5 and decreases from pH 2.0 to 5.5. The flux data were consistent with the solubility data from pH 1.0 to 5.5. The flux increased and plateaued at pH values of 5.5 to 7.0 and was dependent on the bulk buffer concentration (6) . The profiles at pH 1.4 ( Figure 4 ) and at pH 1.2 and 1.4 ( Figure 6 ) indicate that sink conditions were not quite maintained after Pentasa capsule had been in 500 mL dissolution medium for 3 h. The highest release rate was noted at pH 1. It is known that Eudragit S is soluble at pH > 7.0 (7). But in the present study, we found that Eudragit S started to dissolve after being at pH 6.8 for 2.5 h, at pH 7.0 for 1.5 h, at pH 7.2 for 1 h, and at pH 7.5 for 0.5 h. We also noted that the Eudragit S coat of an Asacol tablet developed a slit when it was allowed to sit in pH 6.5 media for an additional 2 h after the dissolution test was terminated at 5 h, for a total of 7 h at pH 6.5 (data not shown).
However, Eudragit S coating behaves differently when an Asacol tablet was placed in gastric pH up to 12 h first and then transferred into upper small intestinal pH, lower small intestinal pH, then colonic pH. The coating remained intact in gastric pH and upper small intestinal pH with one exception. After the tablet was at pH 2.75 for 12 h and then transferred to pH 6.5, it released mesalamine as early as 1 h (17.1%). The release was not because the Eudragit S coat dissolved in the solution, but because a slit developed in the coat. The remaining wet powder with the coat was retrieved from the dissolution vessel and photographed ( Figure 9 ). After being through the gastric phase for 12 h and upper small intestinal pH for 3 h, the other four tablets at pH 6.5 also developed a slit, and drug release occurred from this opening. The amount and percentage of drug release depended on the size, shape, and position of the slit, and whether it faced upward for a long time or downward during dissolution testing ( Figure 10 ). When the pH was increased from pH 6.5 to 7.2, the Eudragit S coat dissolved.
SUMMARY
The USP dissolution method for mesalamine reflects several drawbacks: (1) gastrointestinal transit times are not reflected in the USP methods for mesalamine capsules, (2) tablets are removed from vessels to change dissolution medium, and (3) neither USP method has been adopted to compare different formulations together. With the newly developed dissolution method, the experiment is easy to conduct in the lab since the tablet or capsule beads remain in the same vessel. The dissolution kinetic parameters (performance) of the extended-release and delayed-release mesalamine dosage forms can be easily compared in this proposed approach. In Pentasa, the extended-release capsule, mesalamine dissolution is sensitive to low pH. It is soluble in simulated stomach fluid in either fasted or fed condition (the release was 46.1% at pH 1.4 for 2 h vs. 34.2% at pH 2.0 for 5 h). The Eudragit S coat of an Asacol tablet does not dissolve at pH 6.5 until 7 h of continuous exposure, but may dissolve at pH 6.5 as early as 1 h if the tablet has been in gastric pH for 12 h first. All tablets develop a slit in the coat in pH 6.5 medium after being in gastric pH for 12 h and upper small intestinal pH for 3 h, although the coat does not dissolve in this pH. Based on the dissolution finding, patients with inflammatory bowel disease are advised not to take Asacol tablets with an extremely heavy meal to avoid mesalamine being released before reaching the targeted site.
